When tunneling in a hard and brittle rock mass within a tectonic stress zone, dynamic failure of rock mass-rockburst may occur. Considering the occurrence of rockburst is generally induced by a sudden release of storage elastic energy, a numerical analysis based on the geotechnical conditions of the headrace tunnels of the Neelum-Jhelum hydroelectric project was carried out to investigate the variations of the storage elastic energy of surrounding rock mass during excavation in the tectonic stress zone. As expected, the numerical results show that the storage elastic energy concentration zones is elliptical around the tunnel due to the influence of the tectonic stress field and that the long axis of the ellipse is perpendicular to the orientation of the maximum principal stress of the tectonic stress. Furthermore, the calculated storage energy concentration zone is consistent with the locations of blasting overbreak in the tunnel. Rockburst predictions were carried out using the strength-stress ratio and energy criteria to identify the applicability of the criteria in a tectonic stress zone. e comparisons between the predictions and the field observations show that the strength-stress ratio criteria based on the uniaxial tests do not consider the influence of the tectonic stress on the strength of the rock. ese criteria overpredict the extent of the blasting pits in the tectonic stress zone. However, the energy criteria based on the energy conversion of unloading confining pressure tests are able to reflect the influence of the tectonic stress, and the prediction results are more close to the field observations.
Introduction
In recent years, in the "One Belt One Road" countries, many long and deep buried tunnels have been constructed for hydropower and transportation purposes. During the excavation of these tunnels, tectonic stress is often encountered. For example, in the headrace tunnels of the Neelum-Jhelum (N-J) hydroelectric project in Pakistan, the measured maximum principal in situ stress was greater than 100 MPa. Such in situ stress causes a number of rock mechanics problems, such as squeezing and rockburst. As the rockburst occurs instantaneously and often without any identifiable precursor, the rockburst does not only cause severe damage to the underground structures and equipment but also threaten human life. At the N-J hydroelectric project, severe rockburst in the tunnel caused the loss of several lives and extensive damage to the TBM machine.
Strain rockbursts in deep buried underground hard rock are generally characterized by a sudden release of storage elastic energy in a volume of highly stressed rock.
us, many earlier studies focused on the variation of the storage energy in the rock mass during excavation. Cook et al. [1] first analyzed the storage energy release rate of a rock mass in a gold mine in South Africa and found that the occurrence of the rockburst is closely related to the storage energy release rate of the surrounding rock. Using the finite element method, Mitri et al. [2] investigated the seismic energy release and elastic energy storage process due to mining. ey then used the ratio of the storage energy release rate to elastic energy storage rate to evaluate the rockburst potential. Wiles et al. [3] and Beck and Brady [4] analyzed the distribution and variation of the local elastic energy release density during excavation. Miao et al. [5] investigated the storage elastic energy distribution in the surrounding rock at different overburden depths in Sanshandao Gold Mine. ese studies showed that the storage elastic energy of the rock mass not only depended on the properties of the rock mass and excavation sequence but also on the magnitude of stress ratio and orientation of the in situ stress, especially in the tectonic stress zone. However, due to the difficulties in measuring the in situ stress in the field, there are few studies on the influence of tectonic stress on the distribution of storage energy of rock mass during excavation.
Many studies were carried out on predicting the rockburst to avoid the hazards of rockburst. ese studies mainly used two approaches. e first is based on field tests, such as, the microseismic monitoring, which were successfully used in many deep buried tunnels [6, 7] . e second is based on the laboratory testing and theoretical analysis, including the strength-stress ratio criteria and energy criteria. e strength-stress ratio criteria [8] [9] [10] [11] have widely been used in many tunneling projects, but the prediction results did not meet the requirements of tunneling, especially in the tectonic stress zone. e main reason is because the strength of rock used in the strength-stress ratio criteria was obtained from the laboratory axial tests, and the influence of the in situ stress on the strength of rock was not considered. e commonly used energy criteria include the linear elastic energy [12] , strain energy storage coefficient [13] , and rockburst energy coefficient [14] . ese energy rockburst criteria are mainly based on the energy analysis of uniaxial loading or unloading tests, and the influences of in situ stress is also not considered. To reflect the influence of in situ stress, Chen et al. [15] developed a new energy criterion based on the energy conversion analysis of unloading confining pressure tests, but the applicability of this energy criterion to the tectonic stress zone has not been verified.
In this study, based on the geotechnical conditions of the headrace tunnel of the N-J hydroelectric project, a numerical analysis has been carried out to investigate the variation and distribution of the storage elastic energy in the rock mass during the tunnel excavation in the tectonic stress zone. Furthermore, the rockburst predictions have been compared with the field observations, and the applicability of different rockburst criteria to the tectonic stress zone has been investigated.
Introduction of N-J Headrace Tunnel

Project Description.
e N-J hydroelectric project is located in the Muzaffarabad district of Azad Jammu and Kashmir, Pakistan. Two 8.53 m diameter headrace tunnels, namely, Tunnel 696 and Tunnel 697, were excavated by the TBM method for N-J hydroelectric project. e length of each tunnel is over 11 km, and 70% of the tunnel is under more than 1000 m overburden ( Figure 1 ). e rock mass surrounding the tunnel belongs primarily to Murree Formation, which comprises alternating beds of sandstone, siltstone, mudstone, and shale. e sandstone is well cemented, fine to medium grained, and the main compositions of the sandstone are shown in Table 1 . According to the results of the laboratory tests, the uniaxial compression strength of the sandstone varies between 120 and 170 MPa with a mean strength of 145 MPa.
During the excavation of the Tunnel 696, hundreds of weak and medium rockbursts occurred in the sandstone since the buried depth reached and exceeded 800 m, and a severe rockburst occurred at chainage 09 + 700∼800. is severe rockburst caused loss of several lives and extensive damage to the TBM machine. e tunnel profile after the severe rockburst is shown in Figure 2 . It can be seen that the overbreak due to the burst primarily involved the crown between 10 and 12 o'clock and much lesser extent at the invert between 4∼6 o'clock of the tunnel. e average depth of the overbreak at the crown is 3.0∼4.0 m, and the maximum depth is more than 6.0 m.
Tectonic Stress.
e N-J project is located in the Himalayas Mountain, and local faults have been developed along the TBM tunnel.
e geological investigation has shown that severe rockburst occurred in the vicinity of a local reverse fault. Stress measurement was carried out to investigate the in situ stress of this area. ree overcoring HI (hollow inclusion) tests were conducted in the borehole at chainages 9 + 860, 10 + 938, and 13 + 834 in Tunnel 696 ( Figure 1 ). e tests at chainage 9 + 860 failed due to the core discing ( Figure 3 ), which indicates high in situ stress of this area. e HI tests at chainages 10 + 938 and 13 + 834 are successful, and the rock core of HI cells is shown in Figure 4 . In each borehole, three HI tests were carried out in different depths of the borehole, and all results are shown in Table 2 . It can be seen that although the overburden depth at chainage 10 + 938 is only 200 m more than that at chainage 13 + 834, the maximum principal stress increases from 50-55 MPa to 102-108 MPa. is significant increase in the in situ stress is due to the local reverse fault. e orientation of the principal stresses at chainage 10 + 938 is drawn in the lower hemisphere stereonet in Figure 5 . It can be seen that the orientation of the maximum principal stress is almost perpendicular to the tunnel axis, and its dip is among 20°to 30°from the horizontal plane, indicating that the horizontal tectonic stress field dominates in this area.
Variations of Storage Elastic Energy of Rock
Mass in the Tectonic Stress Zone e occurrence of rockburst is induced by a sudden release of storage elastic energy in the surrounding rock. In order to investigate the influence of tectonic stress on the distribution and magnitude of storage elastic energy, a numerical analysis has been carried out based on the geotechnical conditions in the severe rockburst zone in Tunnel 696.
Numerical Model.
Using a finite element method, a numerical model has been developed as shown in Figure 6 . And the model is established based on the geotechnical conditions at chainage 09 + 700∼800 in Tunnel 696, where a severe rockburst occurred. e length, height, and width of the model are 100 m, 120 m, and 200 m, respectively. e elastic-perfect plastic model is used to describe the behavior of the rock mass, and the mechanical parameters of the rock mass determined by triaxial compression tests of sandstone are shown in Table 3 . Since the tectonic stress in this area is high, the mean measured in situ 2
Shock and Vibration stress at chainage 10 + 938 in Tunnel 696 has been applied to the numerical analysis, and the stress components of the in situ stress in the local coordinate system of the tunnel are shown in Table 4 . In order to apply the shear stress components of the in situ stress, a combined stress and deformation boundaries were applied on the model. Using the established finite element model to carry out a numerical analysis, the procedure is as follows:
Step 1. Apply the in situ stress.
Step 2. Excavate the headrace tunnel step by step, and the excavation length of each step is 5 m.
Influence of Tectonic Stress on Storage Elastic Energy.
After the excavation of the tunnel, the distribution of the storage elastic energy density of the rock mass at typical cross section is shown in Figure 7 . It can be seen that there are storage elastic energy concentrations at 10∼12 o'clock of the tunnel vault and at 4∼6 o'clock of the tunnel invert. e storage elastic energy concentration zone is elliptical around the tunnel, which is consistent with the distribution of the blasting pit in the field, meaning that the occurrence of rockburst is closely related to the concentration of storage elastic energy in the tectonic stress zone. e orientation of the principal stresses of the tectonic stress is shown in Figure 8 to investigate the influence of tectonic stress on the distribution of storage elastic energy. e line between storage elastic energy concentration zones is elliptical around the tunnel due to the influence of the tectonic stress, and the long axis of the ellipse is perpendicular to the orientation of the maximum principal stress and parallel to the orientation of the minimum principal stress. Hence, it can be concluded that during the tunnel excavation, the concentration of the storage elastic energy is mainly induced by the loading at the maximum principal stress orientation and unloading at the minimum principal stress orientation. e variation of the magnitude of storage elastic energy at the tunnel vault is shown in Figure 9 to investigate the tectonic stress on the magnitude of storage elastic energy. It can be seen that the storage elastic energy of the rock mass is composed of two parts. One is the initial storage energy before the excavation of the tunnel induced by the tectonic stress. e initial storage energy is a constant in this zone. Due to tectonic stress, the initial storage elastic energy density of the rock mass in this zone is up to 210 kJ/m 3 . Another part is the storage elastic energy induced by the stress redistribution due to the tunnel excavation, and its value varies from the location of the rock mass and the excavation process. For the rock mass near the tunnel profile, the elastic energy of the rock mass first increases with the tunnel excavation and then decreases significantly when the TBM passes through. e decrease of the elastic energy is mainly due to the plastic dissipation of the rock mass. For the rock mass far away from the tunnel profile, there is no plastic strain, and the elastic energy is always increasing with the tunnel excavation. When the excavation face advances 10-15 m, the storage elastic energy of rock mass tends to be a constant and with a maximum value of 680 kJ/m 3 . It can be seen that the initial storage elastic energy of the rock mass induced by the tectonic stress is up to 30% of the total storage elastic energy after excavation.
is explains why the rockburst is likely to occur in the tectonic stress zone.
Rockburst Predictions in the Tectonic Stress Zone in Tunnel 696
Predictions of severe rockburst potential in Tunnel 696 were carried out to investigate the applicability of the strengthstress ratio and energy rockburst criteria in a tectonic stress zone, and the predictions results have been compared with the field observations of the blasting pits.
Predictions of Severe Rockburst Using Strength-Stress Ratio
Criteria. e commonly used strength-stress ratio criteria are shown in Table 5 . In the tectonic stress zone of Tunnel 696, the mean value of maximum principal in situ stress σ 1 is Stress positive-negative regularity follows linear elastic mechanics. Positive normal stress is tensile stress, and negative is compressive stress. e direction of local coordinate is shown in Figure 5 . 104.4 MPa, and the mean horizontal stress component of the in situ stress perpendicular to the tunnel alignment σ h is 83.8 MPa. Based on Criteria 1 and 2, severe rockburst will occur in the tectonic stress zone in Tunnel 696 (σ ci /σ h � 1.7 and σ ci /σ 1 � 1.4), which are consistent with the field observations. However, the distribution and extent of blasting pits cannot be predicted by these two criteria. Based on the numerical results of stress distribution of surrounding rock after excavation, the predictions of the distribution and extent of severe rockburst used the Criteria 3 and 4 are shown in Figure 8 . It can be seen that the predicted severe rockburst is located between 10 and 12 o'clock of the tunnel vault and 4 and 6 o'clock of tunnel invert, and they are symmetrical. As the blasting depth at the tunnel invert cannot be measured accurately, only the extent of the rockburst at the tunnel vault has been compared with the field measurements. It can be seen that the predicted rockburst location is consistent with the observation in Tunnel 696. However, the maximum extent of the predicted rockburst is up to 15.0 m (Criteria 3) and 20.0 m (Criteria 4), which is much larger than that in the field observation (6.0 m).
is shows that the extent of the blasting pit is overpredicted in the tectonic stress zone. e overprediction is mainly due to the strength of the rock used in the strengthstress ratio criteria, which is obtained from the laboratory axial tests, and the influence of the in situ stress on the strength of the rock is not considered. As such, the strength of the rock mass far away from the tunnel profile is underestimated, and the extent of the blasting pit is overstated especially in the tectonic stress zone.
Predictions of Severe Rockburst Using Energy Criteria.
e commonly used energy criteria include the linear elastic energy, strain energy storage coefficient, and rockburst energy coefficient. ey are based on the energy analysis of uniaxial loading or unloading tests and do not consider the influences of tectonic stress. In this study, the energy criterion based on the unloading confining pressure tests has been used [15] : 
where U e− max is the maximum storage elastic energy of rock before its failure obtained from unloading confining pressure tests and U e is the storage elastic energy of rock mass due to in situ stress and the excavation of the tunnel.
Identification of Maximum Storage Elastic Energy.
To identify the maximum storage elastic energy of sandstone in Tunnel 696, a series of unloading confining pressure tests have been carried out. e cylindrical samples (100 mm long and 50 mm in diameter) for the unloading tests were machined from a large lump of rock mass, and the specimen is shown in Figure 10 . e unloading confining pressure tests were conducted on the MTS 815.03 compression tests machine, at the State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute of Rock and Soil Mechanics. e procedure of the unloading tests is as follows:
Step 1. Apply the initial hydrostatic pressure. e confining pressure is applied first at the rate of 1 MPa/s, and the axial stress is applied simultaneously to keep the sample subjected to hydrostatic pressure.
Step 2. Apply the initial axial stress. To obtain the maximum storage elastic strain energy of the sandstone, an initial axial stress is applied first to ensure the failure behavior of the specimen occur during the unloading process. In this study, the initial axial stress is 70% of the triaxial strength of the specimen.
Step 3. Unload the confining pressure. e confining pressure is unloaded by the stress-controlled way at the design unloading rate. Meanwhile, the axial stress is increased at the same rate, to coordinate the stress variation of the surrounding rock mass during the excavation of the tunnel. Considering the excavation of the rock mass can be treated as a quasi-static process, the unloading rate of the confining pressure is at a low level with a mean 0.125 MPa/s. e typical stress-strain curve of the sandstone during the unloading tests is shown in Figure 11 , and the storage process of elastic energy is divided into three parts as follows:
where U e h is the storage elastic energy during the application of the hydrostatic pressure, U e d is the storage elastic energy during the application of the initial axial stress, and U e u is the storage elastic energy during unloading confining pressure.
Generally, the specimen is in the elastic stage during the application of the hydrostatic pressure, and the storage elastic strain energy U e h can be directly calculated as follows:
where μ is Poisson's ratio, E is the elastic modulus of the rock specimen and σ 0 3 is the initial confining pressure. During the application of the initial axial stress, the axial stress is lower than 70% of triaxial strength of the specimen, and the specimen is in the elastic range. Hence, the storage elastic energy U e d can be calculated as follows: ≤0.20 0.20∼0.30 0.30∼0.55 ≥0.55 σ ci is the compressive strength of rock obtained from laboratory uniaxial tests; σ θ max is the maximum principle stress of rock mass after excavation; σ 1 is the maximum principal stress of in situ stress; σ h is the horizontal stress component of in situ stress perpendicular to the tunnel alignment. 6 Shock and Vibration
During the unloading process, the storage elastic energy U e u is
where E u and μ u are the unloading elastic modulus and Poisson's ratio of the specimens. According to Huang and Li [17] , E u is 5-8% larger than the elastic modulus E, and μ u is about 3-6% smaller than Poisson's ratio μ. In this study, E u � 1.07 E, and μ u � 0.96 μ.
According to the above analysis, the storage elastic energy of the specimen can be determined from the elastic parameters E and μ. Assuming that the specimen is in the elastic range during the application of the initial axial stress, the parameters E and μ for each specimen can be estimated from its stress-strain curve, and their values are shown in Table 6 . Substituting the elastic parameters into equations (3)∼(5), the maximum storage elastic energy of the specimen has been calculated and shown in Table 6 .
To investigate the influences of the initial confining pressure on the maximum storage elastic energy of the rock, the variations of the maximum storage elastic energy with the initial confining pressure are shown in Figure 12 . It can be seen that the initial confining pressure has an important influence on U e− max , and similar results were also observed by Urbancic and Trifu [18] . For a quantitative analysis on the influence of the initial confining pressure, the maximum storage elastic energy of the specimens under the uniaxial test (the confining pressure is 0 MPa) is also shown in Figure 12 . is figure also shows the fitting of the data to an exponential curve, and the fitted exponential equation is U e− max � 275.7 exp 0.0285 * σ 0 3 .
As the correlation coefficient is greater than 0.95, this means that the exponential model is a good fit between U e− max and the initial confining pressure.
Predictions of Severe Rockburst Using Storage Energy
Criteria. According to the analysis on the variations of the storage elastic energy during the excavation of the tunnel, the concentration of the storage elastic energy around the tunnel is induced by the loading at the maximum principal stress orientation and unloading at the minimum principal stress orientation. Considering the loading path of the unloading confining pressure tests, the minimum principal stress of the in situ stress can be treated as the initial confining pressure, and the maximum storage elastic energy of a rock mass can be calculated using equation (6) . e mean minimum principal stress of the tectonic stress zone is 27.3 MPa, and the maximum storage elastic energy of surrounding rock is calculated as 601 kJ/m 3 .
According to the energy criterion developed by Chen et al. [15] ;when the elastic energy of a rock mass is greater than 300.5 kJ/m 3 (i.e., 0.5 × 601 kJ/m 3 ), severe rockburst will occur. Furthermore, according to the numerical results, the distribution of the severe rockburst is shown in Figure 13 . It can be seen that the predicted severe rockburst zone is also located between 10 and 12 o'clock and 4 and 6 o'clock of the tunnel. However, the extent of the severe rockburst is much smaller than that of the predictions using the strength-stress ratio criteria. e extent of the maximum prediction blasting pit at the tunnel vault is about 6.8 m, which is close to the measured blasting pit at the tunnel vault (6.0 m). is shows that the prediction by the energy criterion based on the energy conversion of the unloading confining pressure tests is more accurate than that by the strength-stress ratio criteria in the tectonic stress zone. 
Conclusions
In this study, by applying a numerical model to the geotechnical conditions in the headrace tunnels of N-J hydroelectric project, a numerical analysis has been carried out to investigate the variations of the storage elastic energy of a rock mass in the tunnel at the tectonic stress zone. e numerical results show that the line between storage energy concentration zones is elliptical around the tunnel due to the influence of the tectonic stress. e long axis of the ellipse is perpendicular to the orientation of the maximum principal stress of the tectonic stress. Furthermore, the calculated storage energy concentration zone is consistent with the locations of the blasting pits at the tunnel vault in the field. Besides, in a tectonic stress zone, the initial storage elastic energy induced by the tectonic stress is up to 30% of the total storage elastic energy after excavation. is means that the tectonic stress clearly increases the risk of rockburst.
To identify the applicability of rockburst criteria to a tectonic stress zone, different types of criteria have been used to predict rockburst in Tunnel 696. e comparisons between the predictions and the field observations show that the strength-stress ratio criteria overpredict the extent of the blasting pits in the tectonic stress zone. e overprediction is mainly due to the strength of the rock used in the strength-stress ratio criteria is obtained from the laboratory axial tests, and the influence of the in situ stress on the strength of the rock is not considered. e energy criteria based on the energy conversion of unloading confining pressure tests are able to reflect the influence of the tectonic stress (i.e., the initial confining pressure), and the prediction results are close to the field observations, indicating that the energy criteria are more applicable in a tectonic stress zone. Figure 13 : Prediction results of distribution and extent of sever rockburst using energy criteria.
